Normal human cells grown in vitro replicate for a limited period of time before entering senescence, which is currently de®ned as irreversible growth arrest (Hay¯ick and Moorhead, 1961 ). Hay¯ick ®rst described this limited replicative potential and later others proposed that this limit was genetically de®ned (Harley et al., 1990 . In many recent experiments, the molecular machinery responsible for determining replicative potential has been associated with the telomeres. As is now well documented, during successive cellular divisions the telomeres in normal human cells shorten progressively. This erosion of telomere length has been attributed to the inability of the general DNA replication machinery to completely replicate the very ends of the chromosomes (Greider and Blackburn, 1996) . The observed shortening led in turn to the hypothesis that telomeres function as a`m olecular clock' . Thus, once the telomeres erode down below a threshold length, the senescence phenotype is provoked via a poorly understood mechanism.
Cancer cells, in stark contrast, proliferate inde®nitely and are therefore considered to be immortal (Shay, 1997) . (More precisely, it is the lineage of a cancer cell rather than the individual cell that is immortal.) Immortal cells, whether malignant or not, have been found to maintain telomeres at a stable length (Greider and Blackburn, 1996) . The central role of telomeres in immortality was formally demonstrated when the enzyme that maintains telomeres, telomerase, was inhibited in telomerase-positive cells (Hahn et al., 1999; Zhang et al., 1999) . This inhibition led to progressive telomere shortening which resulted subsequently in chromosome-to-chromosome fusions and cell death. In the opposite type of experiment, cells that were destined to enter into senescence or crisis have been immortalized through the ectopic expression of telomerase (Bodnar et al., 1998; Rufer et al., 2001; Vaziri and Benchimol, 1998; Yang et al., 1999) . These observations indicated that telomeres are indeed important determinants of the replicative potential of cells.
Senescence: a limit to cellular proliferation
Cells that undergo replicative senescence fail to divide further but remain viable. In the case of human ®broblasts, pre-senescent cells can be induced to bypass senescence by the introduction of viral oncogenes such as the SV40 Large T antigen or the human papillomavirus E6 and E7 oncogenes Shay et al., 1991a) . Introduction of these oncogenes leads to the functional inactivation of the tumor suppressor proteins p53 and Rb, both of which must be inactivated in order for human cells to circumvent senescence (Shay et al., 1991b) . Once cells bypass senescence they continue to divide and experience further shortening of their telomeres. Cells eventually reach a second proliferative block often referred to as crisis, which is characterized by genomic instability and massive cell death. Rare variants, appearing at a frequency of less than one cell in 10 7 , emerge from a population of cells in crisis Wright et al., 1989) . These variants have acquired the ability to maintain their telomeres at a stable length and spawn a clone of immortalized descendants.
This scenario depicts two distinct barriers ± senescence and crisis ± which stand in the way of unlimited proliferative potential. These barriers have been proposed to function as anti-neoplastic mechanisms in vivo, doing so through their ability to con®ne mutant, pre-neoplastic cell clones to a limited number of replicative divisions. In truth, the in vivo counterparts of these replicative barriers remain poorly de®ned. In the case of crisis, a close molecular connection can be drawn between telomere shortening, cell death and the avoidance of both by telomerase. However, senescence presents a more complex mechanism whose precise connections with telomere shortening remain unclear. This review focuses on the mechanistic connections between senescence and telomere function.
If telomeres were the only determinants of senescence, then one could predict that the introduction of telomerase into any cell should result in the immortalization of that cell. This prediction became testable after hTERT, the gene encoding the catalytic component of the human telomerase holoenzyme, was cloned. Literature reports indicate that to date telomerase has been introduced into retinal pigment epithelial cells, ®broblasts, mesothelial cells, endothelial cells of both large vessel and microvessel origin, CD8-positive T cells, mammary epithelial cells, keratinocytes, and osteoblasts (Bodnar et al., 1998; Dickson et al., 2000; Ramirez et al., 2001; Rufer et al., 2001; Vaziri and Benchimol, 1998; Yang et al., 1999; Yudoh et al., 2001) . Following introduction of hTERT most cell types, including retinal pigment epithelial cells, ®bro-blasts, mesothelial cells, endothelial cells, CD8-positive T cells, and osteoblasts, were immortalized. However, some types of epithelial cells gave quite dierent results.
Several studies have reported that mammary epithelial cells and keratinocytes can not be immortalized by hTERT alone (Dickson et al., 2000; Kiyono et al., 1998) . Instead, in these studies it was reported that the additional inactivation of the p16 INK4A tumor suppressor gene was required to immortalize these cells, calling into question the role of telomere length as the sole determinant of replicative senescence. Yet another report indicated that both mammary epithelial cells and keratinocytes could be immortalized with hTERT alone if adequate growth conditions were supplied in vitro (Ramirez et al., 2001) . For example, when keratinocytes were maintained in culture dishes above cell feeder layers, these cells would proliferate inde®nitely if they had also acquired the hTERT enzyme. Even these observations remain controversial, however, since others have reported that the continuous growth of keratinocytes even on feeder layers required the additional loss of p16 INK4A (Dickson et al., 2000) .
Still other reports call into question the role of telomeres as the exclusive determinant of cellular senescence. Introduction of oncogenes such as H-ras and raf result in induction of a senescent phenotype that is indistinguishable from that observed in cells that have undergone replicative senescence (Serrano et al., 1997; Zhu et al., 1998 ). In the case of H-ras, the additional expression of telomerase did not protect these cells from the onset of senescence (Wei and Sedivy, 1999) . In some of these cases, analysis of telomere length indicated that the telomeres were still suciently long to protect the chromosomal ends and permit continued proliferation (Wei and Sedivy, 1999) (unpublished results). These con¯icting observations have led to confusion at two levels. It remains unclear whether there is a single or multiple types of senescence. In addition, the precise role of telomere length in triggering senescence is also poorly resolved.
Senescence: the role of length versus structure
McClintock and later Muller in maize and¯ies, respectively, originally proposed that the telomere formed a protective cap on the chromosome that functioned to protect it from chromosomal fusions. Recent studies suggest that the telomere may have a higher order structure that serves this function. The contribution of both DNA and the various telomerebinding proteins to this structure is just beginning to be appreciated. Mammalian telomeres consist of a long stretch of TTAGGG repeats and termini consisting of 150 to 300 bases of single-strand DNA (Blackburn, 2001 ). In addition, a variety of telomerebinding proteins are associated with the telomere. Electron microscopic studies have suggested that in eukaryotic cells including human cells the telomere ends in a complex structure referred to as a T loop (Grith et al., 1999; Munoz-Jordan et al., 2001) . In this structure, the telomere turns back on itself and the single strand forms a displacement loop by inserting into the double helix. The presence of the T loop, at least in in vitro studies, appears to be dependent on the presence of the telomere-binding protein TRF2 (Grith et al., 1999) . Loss of TRF2 resulted in collapse of the T loop in vitro and inhibition of TRF2 binding in vivo resulted in chromosomal fusions and cell death (Karlseder et al., 1999) , suggesting that if the T loop were to exist in vivo, its loss would have catastrophic eects on genomic stability and cell survival.
One major surprise in this list of telomere-capping proteins has come from the inclusion of the telomerase enzyme itself. Blackburn and colleagues reported that introduction of the wild-type telomerase gene into telomerase-negative, precrisis ®broblasts resulted in immortalization while control cells experienced telomere dysfunction and cell death (Zhu et al., 1999) . The telomeres in the immortalized cells continued to shorten beyond those present in the control cells that had entered crisis, suggesting that telomerase allowed cells to survive with telomeres that were shorter than those normally required to protect chromosomal ends. Whether telomerase participates directly in this process by assembling into a multi-protein complex that directly protects the chromosomal ends or merely promotes the formation of such a complex by other proteins is unclear at this time. Still, it is interesting to speculate that telomerase may have functions that go beyond the simple maintenance of telomere length as has been suggested by a number of studies (Fu et al., 1999; Holt et al., 1999) .
Stated dierently, the discovery of a complex molecular structure at the tips of telomeres has raised the possibility that there are two distinct molecular elements that may determine the proliferative capacity of cells: the overall length of the telomeres and, independent of this length, the specialized structures at its tip. The experiments describing the capping of telomeres by telomerase make it plausible that this enzyme is able to in¯uence both of these molecular entities. Thus, it may cause overall telomere lengthening and, independent of this, exert some protective eect on the tips of the telomeres. These eects at the ends of the telomeres may be modulated by the various molecular components present in dierent cell lineages.
Further evidence that calls into question the role of overall telomere length in senescence comes from a variety of in vitro experiments. When cells from individuals suering from progeria diseases such as Werner's and Bloom's syndromes are cultured in vitro they typically undergo senescence earlier and sometimes with longer telomeres than age-matched controls (Schulz et al., 1996) . Likewise, cells obtained from ataxia telangiectasia (ATM) patients also undergo senescence earlier than age-matched controls (Shiloh et al., 1985) . Each of these diseases display variable amounts of genomic instability that has been postulated to be responsible for the early onset of senescence. In addition to cells obtained from individuals with these diseases, cells treated with hydrogen peroxide and gamma radiation also display a senescent phenotype sometimes in the absence of telomere shortening (Chen et al., 2001; Suzuki et al., 2001) . As is the case with the genetic diseases mentioned above, both hydrogen peroxide and gamma radiation cause damage throughout the genome in the form of single-strand breaks and double-strand breaks, respectively (Brozmanova, 2001; Khanna and Jackson, 2001; Norbury and Hickson, 2001 ). Interestingly much of this damage is thought to occur in the telomere and indeed, yeast genetically mutant for the Bloom, Werner, and ATM homologues display telomere defects (Greenwell et al., 1995; Johnson et al., 2001a; Watt et al., 1996) . Together these observations further support the notion that telomere shortening is not an absolute requirement for the induction of senescence. In fact, studies using hydrogen peroxide and gamma radiation suggest that damage to the DNA and more likely damage that aects certain aspects of telomere structure without concomitantly causing overall telomere shortening may be sucient to trigger a senescent response (Chen et al., 2001; Gajdusek et al., 2001; Suzuki et al., 2001; Toussaint et al., 2000) .
Does senescence function as an anti-neoplastic mechanism in vivo?
Senescence has been postulated to serve as a tumorsuppressing mechanism that is responsible for limiting the replicative potential of pre-neoplastic cells. This notion, attractive in concept, remains to be proven. Senescence in one form or another certainly occurs in vitro, but the evidence that it mirrors a comparable process occurring in vivo remains elusive. Cells from older individuals do display on average shorter telomeres than do cells from younger donors (Friedrich et al., 2000; Harley et al., 1992) . However, even cells obtained from centenarians contain telomeres that are suciently long to support further replication in vitro. (Mondello et al., 1999) . Indeed, a multitude of alternative, non-telomere-based mechanisms can be invoked to explain the progressive loss of replicative potential of cells isolated from older individuals. For example, the DNA from older individuals contains more accumulated genetic damage, and some have suggested that this may be responsible for the reduced growth capacity of cells obtained from older donors (von Zglinicki et al., 2001; Walter et al., 1997) . Other types of cumulative biochemical damage sustained by long-lived cell lineages may also contribute to reduced replicative potential in vitro.
The cell senescence observed in vitro following the introduction of oncogenes has been invoked as yet another indication of its possible in vivo relevance. Thus, such senescence has been portrayed as a mechanism established by the body to block the proliferation of cell clones that sustain mutations that can lead to oncogene activation and resulting cell transformation (Weinberg, 1997) . While an attractive hypothesis, it should be noted that the levels of H-Ras required to induce senescence far exceed those observed in the cells of naturally arising tumors (Johnson et al., 2001b) . As such, while the evidence for oncogeneinduced senescence in vitro is robust and reproducible, its relevance to the tumorigenic processes operating in vivo is questionable.
It is clear that the maintenance of the telomere, both its overall length as well as its complex terminal structure, is critical to genomic integrity and plays a pivotal role in both in vitro and in vivo crisis. Senescence in vitro, however, may not have an in vivo counterpart. Instead, it may simply represent the unhappiness of cells growing under the suboptimal conditions found in culture, which result in the induction of some structural destabilization of the ends of telomeres. This destabilization, in turn, may be detected by molecular machines that are charged with surveying damage to the genome and provoking a senescence response. Alternatively, in the presence of telomerase, this destabilization of the telomere ends may be prevented by the presence of the telomerase enzyme. As a consequence, the normally occurring senescence response will not be triggered. Even if this or a similar mechanism were operative in cultured cells, it provides no reassurance that a similar mechanism operates in vivo, since the initial provoking stimulus for this cascade of events is likely to be inappropriate culture conditions which may not have an in vivo counterpart.
It is likely that as our knowledge of the absolute structure of the mammalian telomere grows and the various signal transduction cascades that impede on the telomere and cell cycle are uncovered, the question of what role senescence plays in vivo will be answered. Even when this issue is resolved, the further question of the role of telomere length in provoking senescence will remain a bone of contention and thus an object of much research.
